Splined joints are commonly used to transmit rotary motion from a shaft to machine elements such as gears. While computationally efficient spline load distribution models have recently been proposed, there is no validated load distribution model of a splined joint due to lack of high-fidelity experimental data. Accordingly, this study aims to establish an extensive experimental database on load distributions of splined joints subject to both spur and helical gear loading conditions. A quasi-static, spline-specific test setup is developed and instrumented. A test matrix covering various loading conditions is executed in order to form a spline load distribution database. The experimental data illustrates the cyclic nature of loads and resultant stresses on spline teeth caused by rotation of the spline teeth in relation to the gear mesh that loads the splined joint. A nonlinear relationship between torque applied and resultant stress is revealed, as well as the relationship between the location of maximum stress along the face width and the amount of lead crown modification applied. Lastly, simulation results from the model of Hong et al. (2014b) are compared to the experimental data under spur and helical gear loading conditions to assess the premise of such models. Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017 ) (2014b , 2015a , 2015b ) published a family of semi-analytical models which both reduced the computational time
Introduction
Splined joints transmit rotary motion from a shaft to another shaft or machine element such as a gear. A splined joint consists of two components, an internal spline and an external spline. Both components have the same number of teeth that are conformal so that they are able to fit tightly together. This forms a joint that is coaxial as both the shaft and its splined mate rotate about the same axis at the same angular velocity. Since all teeth of a splined joint are theoretically in contact, loads (torque, radial force, and moments) applied to the spline are potentially distributed among all of its teeth, making it a preferred choice when compared to other methods of joining. Load carrying capacity and the corresponding load distribution of splined joints must be known to meet the required level of strength for proper operation of a drivetrain.
Literature contains several theoretical studies on load distribution of splined joints. One group of studies used finite element (FE) or boundary element (BE) methods. Among them, studies by Tjernberg (2001) , Barrot et al. (2005) , Barsoum et al. (2014) , and Cura and Mura (2014) used conventional FE packages to study load distribution of torsionally loaded splines while Adey et al. (2000) employed a BE package for the same purpose. These computational models were limited to purely torsional loading conditions (as in a splined joint connecting two shafts) without any tooth-to-tooth spacing (index) errors. A recent study by Hong et al. (2014a) used an FE-based gear contact solver, CALYX, to predict contact stresses and tooth-to-tooth load distributions of clearance-fit splined joints. This model was more advanced than the above computational models as it predicted contact stresses for diverse loading conditions caused by gear mesh loading. Another group of theoretical studies employed semi-analytical models. For instance, Barrot et al. (2006) calculated both pressure distribution and tooth stiffness to show the mutual influence between the two under purely torsional loading. Wink and Nakandakar (2014) also proposed an analytical model that allowed radial loads produced by spur gear loading on the load distribution of spline teeth. Building on the results of their earlier FE study, Hong et al. immensely and surpassed the capabilities of the previous models which were mostly limited to purely torsional loading. These models captured the impact of loading type (purely torsional, spur, or helical gear loading) on the resultant load distribution of the joint for clearance-fit (Hong, et al., 2014a) as well as major and minor diameter-fit splines (Hong, et al., 2015a) . The models also displayed the influence of index errors on the resultant load distributions of a splined joint (Hong et al., 2015b) .
On the experimental side, there is limited measured data on load distribution of splined joints which leaves the models above essentially without validation. Most of the published experiments on splined joints focus on surface wear and fatigue. Weatherford et al. (1966) experimentally compared spline wear under various lubrication conditions. Ku and Valtierra (1975) studied the effects of angular misalignment on splined joints to conclude that better spline alignment allows for greater flexibility of lubrication, maintenance, and spline design. Brown (1979) studied wear rate of aircraft spline couplings as a function of misalignments and lubrication conditions. Wavish et al. (2009) used a test setup to mimic combined torque, axial, and bending load fretting conditions of spline teeth in a laboratory environment. Cura and Mura (2013) examined the effect of angular misalignments between a hub and shaft while also comparing measured spline tooth stiffness data to theoretical results. Cuffaro et al. (2012) applied pressure sensitive films to spline teeth to measure contact pressure distributions. Phardi and Khamankar (2014) used the technique of photoelasticity to compare stresses on splines under various loading conditions to results of a commercial FE model. These experimental studies were limited in scope and were tailored to address durability concerns. As such, they offered little towards validation of spline load distribution models.
Strain measurements in the root fillet of gears along the face width direction have been used commonly in gears to study load distributions (Hotait and Kahraman, 2013) as a function of misalignments (Hotait and Kahraman, 2008) and index errors (Handschuh et al., 2014 . This study proposes an experimental setup that allows accurate spline tooth root strain measurements with the goal of establishing an experimental database on load distributions of splined joints subject to static spur and helical gear loading conditions. Specifically, spline root stress measurements will be performed as a function of circumferential and face width positions of the spline teeth. Simulations of the tested clearance-fit splined joint will be performed using the model of Hong et al. (2014b) to provide a direct comparison to the experimental results to aid in describing the experiments and, in the process, to assess the fidelity of the model.
Experimental Setup
A dedicated test setup that allows a splined joint to be tested under various gear loading conditions has been designed and fabricated. The test setup consists of a test shaft and a reaction shaft. Figure 1 (a) and (b) show the assembly crosssectional side-views of the test and reaction shafts with key components labeled, and Fig. 1(c) shows the experimental test setup while loaded.
The test shaft is supported by two massive brass bushings. In between the bushings, the external spline piece is keyed and severely shrunk-fit on the test shaft in order to provide a nearly rigid connection between the external spline and the test shaft. The internally splined gear is placed on the external spline and held axially by a washer and lock nuts on either side of the splined joint. At one end of the test shaft the loading flange is mounted in a slightly cantilevered manner so that a torque may be applied using a moment arm and calibrated weights. The reaction shaft is supported by two oversized spherical roller bearings, which are placed in rigid bearing caps. The reaction gear, which meshes with the internally splined gear mounted on the test shaft, is slide-fit on the reaction shaft and held axially by a lock nut. In addition, two shear pins are positioned through both the flange of the shaft and the gear blank so that the gear does not rotate independent of the shaft. At the end of the reaction shaft, a 72-tooth external spline mates with an internally splined flange which is fastened to the bearing pedestal through a set of bolts to provide a "fixed" boundary condition. This fixed boundary condition balances the torque applied to the test shaft through the loaded gear mesh. The 72-tooth splined joint at the end of the reaction shaft allows the splined joint to be held at 72 equally-spaced rotational positions such that a single instrumented spline tooth may be located at many circumferential positions in order to capture the load distribution variation with shaft rotation.
The external spline test specimen used in this study was designed in such a manner as to allow instrumentation and testing under static conditions. Table 1(a) lists the basic parameters of the splined joint considered in this study. In addition Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) to the parameters listed in the table, it is also specified that the external spline teeth have only a lead crown modification of 10±3 μm and no profile modification. Table 1(b) lists the design parameters of the unity-ratio spur and helical gears used in this study to load the splined joint. These gear geometries were used in numerous gear dynamic studies (Hotait and Kahraman, 2008 , Handschuh et al., 2014 . For both the spur and helical gear loading cases, data was taken at 20° increments for a full 360° rotation of the spline, relative to the location where the load is applied. At each rotational increment, experiments were repeated under four different torque levels of 150, 300, 450, and 600 Nm.
The root stress instrumentation consisted of five strain gauges placed along the face width of the external spline as shown schematically in Fig. 2 . The strain gauges were placed below the start of active profile (SAP) at a radius of 32.22 mm so that they did not interfere with the contact interfaces of the internal and external splines. Furthermore, the gauges were aligned along the profile direction so that strain measurements may be used to calculate bending stress of Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 12.15 ___________________________________________________________________ the spline teeth. The gauges were ordered 1 to 5 along the face width, with gauge 1 being the one closest to the loading flange and gauge 5 being the one farthest from the loading flange. Figure 2(a) shows the strain gauge locations of the external spline tooth and Fig. 2(b) shows the strain gauged external spline. Although six different spline teeth were instrumented in pairs of two consecutive teeth being gauged at 120° increments, only the data from one of the three instrumented tooth pairs is presented in this paper as the other two instrumented pairs provided redundancy in case of failure of any of the gauges within the tested tooth pair. Each strain gauge was wired using a three-wire, quarter-bridge circuit. The lead wires from the strain gauges were connected to solder tabs on the side of the external spline and are protected by epoxy. A data acquisition system along with LabView was used to collect data from the root strain gauges. Within LabView, the strain gauge resistance, gauge factor, lead resistance, excitation voltage, and other parameters were set for the strain gauges. Furthermore, the strain gauges were recalibrated before a torque was applied. Data was collected for a specific time interval (the same for every test) at a sampling rate of 100 Hz. Table 1 Parameters of (a) the splined joint and (b) the unity gear pair used to load the splined joint.
(All units are in mm unless otherwise specified.)
Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Fig. 2 (a) Strain gauge locations on an external spline tooth (all units in mm), and (b) strain gauged external spline.
Experimental Results

Spur Gear Loading
Spur gear loading of a splined joint produces both a torque and a radial force. The radial force from the spur gear loading causes a circumferential variation in the overall load distribution (Hong et al., 2014b) . As such, the root stress experienced by a single spline tooth is expected to vary significantly based on the relative angular position of that spline tooth with respect to the angular position of the gear mesh interface. For this reason, data was collected for a full rotation of 360° at increments of 20°.
Figure 3(a) illustrates the variation of stress for a single tooth of the splined joint over a complete revolution for spur gear loading at an applied torque of 600 Nm and Fig. 3(b) shows that a spline tooth is at 0° when it is at the location of the gear mesh interface. The stress values shown in this figure were measured by gauge 3 that is located at the center of the face width of the spline tooth. Once balanced by the spur gear mesh, the applied torque of 600 Nm produces an additional radial force of approximately 8.5 kN along the direction of the plane of action of the spur gear pair. The maximum stress in Fig. 3 occurs at an angular position of 30° near the angular position of the gear mesh interface, reaching a value of about 77 MPa. As the tooth of the splined joint moves away from the location of the gear mesh, the measured strain and corresponding stress on this tooth decreases, reaching its minimum within the range of 150° and 210°. In Fig. 3 , the stress ratio at gauge 3 is       MPa, indicating that the spline tooth experiences fully released cyclic loading for each revolution of the shaft. In contrast, a purely torsional load would not result in any such cyclic variation of stress. Figure 4 shows the values of root stresses calculated from all five gauges on the spline tooth as a function of rotational observations from this figure are listed as follows:
• The cyclic variation of root stress for one shaft revolution is evident for all face width (gauge) locations and applied load values. The maximum stress amplitudes occur at 30° for the most loaded gauges 1 through 3 for three of the four loading cases. The maximum amplitude occurs at 50° for an applied load of 150 Nm. The stress ratio (R) values for gauges 1 through 5 are -0.004, -0.044 -0.052, 0.019, and -0.048 at an applied torque of 150 Nm, respectively. For an applied torque of 600 Nm, the stress ratios for gauges 1 through 5 are 0.034, 0.032, 0.057, 0.117, and 0.120, respectively.
• The effect of applied torque is seen to be proportional to the calculated root stress regardless of the face width (gauge) location or rotational position. With an applied torque of 150 Nm in Fig. 4(a) , the maximum magnitude of stress seen by gauge 1 is 25 MPa, whereas in Fig. 4(d) , with an applied torque of 600 Nm, the maximum stress is 87 MPa. This indicates that the torque-stress relationship is nonlinear. This nonlinear relationship is expected because an increase in applied torque brings more surface area into contact and causes the joint stiffness to increase (Hong et al., 2016) .
• In the case of an unmodified involute spline under spur gear loading, one would expect that gauge 1 (located at the edge of the face width on the side where the load was applied) would experience the highest magnitude of stress. This is clearly not the case here. The reason is that the teeth of the external spline have a lead crown modification of Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 10±3 μm. The lead crown would ideally move the stress distribution closer to the center of the face width of the spline tooth. However, the application of torque on one side would still cause larger loads at that side. The combined influence of these two effects result in the location of the second gauge seeing the highest magnitudes of stress which were 31, 58, 77, and 93 MPa at applied loads of 150, 300, 450, and 600 Nm, respectively. Fig. 3 (a) Variation of stress for a single spline tooth under spur gear loading conditions at 600 Nm and (b) definition of rotational position for a spline tooth with the location of the gear mesh specified. 
Helical Gear Loading
Helical gear loading of a splined joint produces a radial force, a torque, and an overturning moment. Similar to spur gear loading, the radial force causes a circumferential variation in the overall load distribution. Unlike spur gear loading, however, an overturning moment results in variations both along the face width direction and the circumferential direction (Hong et al., 2014b) . As such, the root stress experienced by a single spline tooth over one rotation under helical gear loading is expected to vary drastically along both the circumferential and face width directions. Figure 5 shows measured variation of stress for an edge gauge (gauge 1) of a single tooth of the splined joint over a complete revolution under helical gear loading at 600 Nm. For helical gear loading, unlike spur gear loading, the maximum stress does not occur at the location of the gear mesh interface. Also, in general, the maximum magnitude of stress is greater for helical gear loading than for spur gear loading. However, the overall trends for the two loading types are somewhat similar. Maximum stress in Fig. 5 is observed at an angle of 70° with a magnitude of just over 153 MPa, and a much lower stress level is seen 180° away from this peak position. The difference between the spur and helical gear loading conditions is that, for the helical gear loading, there is a much longer period where the magnitude of the stress dwells near the minimum value. For spur gear loading, shown in Fig. 3 , only a 60° segment of the rotation contained almost unloaded conditions (less than 10 MPa). However, for the helical gear loading, shown in Fig. 5 , the low stress level is evident for almost half of a revolution.
For helical gear loading, the dwell near the minimum point is caused by the overturning moment; it moves the point of maximum stress from one side of the face width of the spline tooth to the other side as the splined joint rotates. Since the point of maximum stress moves to the opposite side of the face width position from the gauge which was used to the helical gear loading case than for the spur gear loading case. The same fully released cyclic loading condition observed in Fig. 3 is also evident in Fig. 5 for helical gear loading. At the location of gauge 1, the stress ratio is 0.03 R  with 79  MPa. Variation of stress for a single spline tooth under helical gear loading conditions at 600 Nm.
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calculate the stress in Fig. 5 , it appears as if there is very little stress for a larger portion of one complete revolution for
Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) • The effect of applied torque is seen to be proportional to the calculated root stress regardless of the face width (gauge) location or rotational position. The same nonlinear relationship that applies to spur gear loading also applies to helical gear loading due to the fact that an increase in applied torque brings more surface area into contact. With an applied torque of 150 Nm in Fig. 6(a) , the maximum magnitude of stress at gauge 1 is 58 MPa, whereas it is 153 MPa in Fig. 6(d) at 600 Nm.
• Unlike spur gear loading, the impact of lead crown for helical gear loading does not have a significant effect on which gauge location has the highest stress values. This is likely due to the fact that the overturning moment overshadows the effect of the lead crown as it causes the location of the maximum stress to shift from one side of the face width of the spline tooth to the other side. However, the side from which the torque is applied is significant. In Fig. 6 , gauge 1 (mounted on the edge of the splined joint closest to the side where torque is applied) saw the highest magnitudes of stress of 58, 101, 128, and 153 MPa at 150, 300, 450, and 600 Nm, respectively.
Comparison to Simulations
As the last objective, the experimental data presented in the previous section is compared to simulations performed using the model of Hong et al. (2014b) . It is noted that this semi-analytical model predicts the load distribution and the corresponding contact stresses. In order to provide a direct comparison between this model and the experiments, the
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• The cyclic variation of root stress for one shaft revolution is evident for all face width (gauge) locations and applied load values. Unlike for spur gear loading, however, maximum stress amplitudes for each gauge are not all reached at the same angular location relative to the gear mesh position. The overturning moment causes gauges 4 and 5, along the edge of the face width away from the loading of the splined joint, to reach a peak at an angular position between 310° and 330°. Gauges 1 and 2, along the edge of the face width closer to the loading of the splined joint, reach a peak at an angular position of 70°. Additionally, gauge 3 in the middle of the face width experiences much lower maximum stresses at both of these angular positions. The stress ratio (R) for gauges 1 through 5 are 0.003, -0.001, -0.003, 0.048, and -0.056 at of 150 Nm, respectively. At 600 Nm, the stress ratio for gauges 1 through 5 are 0. 03, 0.033, 0.020, 0.022, and -0.045, respectively. Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) model was expanded by adding FE root stress prediction capability (Talbot, 2007) . The root stress prediction from the resultant load distributions was validated through comparisons to single-tooth point-load experiments. In order to obtain the point load measurements, both the reaction shaft and the internally splined gear from the test shaft were removed from the test setup shown in Fig. 1 . A vertical reaction block was placed directly under an external spline tooth at a height that allows contact with the tooth on a horizontal plane. Furthermore, a narrow (1 mm wide) and thin (1 mm thick) shim was placed between the reaction block and the spline tooth so that the spline tooth may be loaded at various face width positions.
Since each gauge measures strain representative of the area it occupies (approximately 1 mm by 1 mm), it was assumed that the exact center of the gauge is at the nominal location specified in Fig. 2(a) . The predicted stresses within the 1 mm 2 area occupied by the actual gauge (centered by the nominal position) were surveyed to define maximum and minimum values of the predicted root stress. Figure 7 shows the single-tooth measurements for five different axial pointloading locations that are aligned with the gauge locations. It is seen that the measurements fall within the band of predictions, indicating that the FE-based root stress predictions are indeed accurate.
As demonstrated by Hong el al. (2015b) , index errors of a splined joint have a significant impact on how much load is carried by each tooth, even when the index errors are quite modest. For this reason, while an attempt was made in the experiments to minimize index errors, actual tooth index errors of the test articles must be included in simulations of the experiments. Measurements of index errors were performed for the external spline and the two internal splines of the spur and helical gears using a gear-specific coordinate measurement machine (CMM). Figure 8 shows these measurements. Multiple measurements were performed in order to investigate the repeatability of the index error measurements and to identify the influence of mounting error. For the external spline, the measurements proved very repeatable (less than or equal to 0.1 μm variation) given that the external spline piece can be mounted on the CMM accurately through its qualified bore. Meanwhile, the repeatability for the internal splines of the spur and helical gears showed about a 1.4 μm variance as their mounting on the CMM was less precise. The simulations were performed within these ranges of measured index errors to define a range for each prediction. A lead crown of 7 μm was used in the simulation to represent the actual measured value from the same CMM. Fig. 7 Comparison of single-tooth point load measurements when the point load is at the face width location of (a) gauge 1 through (e) gauge 5 to the predictions of the FE splined joint root stress model. Applied torque is 16.2 Nm.
Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Fig. 8 Index errors of (a) external spline, (b) internally splined spur gear, and (c) internally splined helical gear.
Figures 9 and 10 compare predictions to measurements under spur and helical gear loading at 600 Nm. It is evident in both figures that the general trends presented in the experimental results are captured well by the model. The circumferential and axial variations of root stresses are predicted accurately. In Fig. 9 for spur gear loading, there is limited discrepancy between measured and predicted stress levels, the largest difference is about 40 MPa for gauge 1. However, most of the measurements fall within the range of predictions. Likewise for helical gear loading, in Fig. 10 , while the largest discrepancy is about 45 MPa for gauge 2, the majority of the experimental and predicted stress values
Conclusions
In this study, an experimental database of load distributions of splined joints subject to both spur and helical gear loading has been established. Specifically, spline root stresses have been measured as a function of circumferential and face width positions of the spline teeth. In addition, simulation results from the clearance-fit spline model of Hong et al. (2014b) have been compared to the measurements. The results of this study lead to the following conclusions:
• For both spur and helical gear loading conditions, the higher the load applied to the splined joint, the higher the stress on the spline teeth. However, the stiffening of the splined joint causes a nonlinear relationship between the applied torque and the resultant stress.
• For both spur and helical gear loading, higher magnitudes of stress are experienced at locations near the edge of the face width of the splined joint closer to the side where the load was applied.
• For spur gear loading, the lead crown moves the location of maximum stress away from the edge where the load is applied. This effect is rather limited for helical gear loading due to the overturning moment acting on the spline.
• The semi-analytical spline load distribution model of Hong et al. (2014b) agrees well with measurements as it accurately captures the variation of root stresses along the circumferential and axial directions.
agree very well. This suggests that the model of Hong et al. (2014b) effectively captures the nature and magnitude of stress for the load distribution of clearance-fit splined joints under spur and helical gear loading conditions.
Benatar, Talbot and Kahraman, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Fig. 9 Comparison of measurements to predictions under spur gear loading at 600 Nm. Fig. 10 Comparison of measurements to predictions under helical gear loading at 600 Nm.
